AbstrAct
Coexistence with WiFi is the key issue for unlicensed band LTE. The main coexistence mechanism is listen-before-talk, whereby radio frequency energy is sensed over a short period and compared to a threshold. Given the default energy thresholds, the energy sensing range is much less than the cell range. Either technology can experience a collision due to transmissions being below energy detection threshold. Currently, WiFi is agnostic to unlicensed band LTE. To improve coexistence, a relay-based communications channel is proposed whereby LTE announces its presence. Legacy WiFi APs may be programmed to interpret and respond by firmware upgrade . Higher performance for both networks is demonstrated via more effective radio frequency channel selection and adaptive energy detection thresholding.
IntroductIon
Third Generation Partnership Project (3GPP) Long Term Evolution (LTE) networks carry a huge amount of data, driven by the growing number of LTE subscribers, which reached 1 billon by mid-2016. Moreover, radio capabilities have been rapidly evolving with the development of LTE-Advanced, which has made available peak data rates of 450 Mb/s with carrier aggregation as of today.
In a new effort to accommodate the exponential growth of data traffic and further enhance user experience, the mobile industry has begun to look at unlicensed spectrum as a viable solution to improve the capacity of their networks. The 3GPP has started a new activity, known as Licensed Assisted Access (LAA) [1] , to allow the usage of unlicensed spectrum alongside LTE licensed spectrum. In addition, a new industry standard, MulteFire [2] , has been created to allow standalone operation of LTE-like technology in the unlicensed band, without the need for paired licensed spectrum.
LAA allows traditional operators to benefit from the additional capacity available, particularly at hotspots and in corporate environments, and complement LTE licensed operation to provide higher quality of experience. MulteFire, in contrast, allows new parties, such as verticals, to deploy and operate mobile networks without the need for expensive spectrum licenses.
An important challenge for both LAA and MulteFire deployments in unlicensed bands is coexistence with other LTE-like networks and other technologies such as WiFi [3] . When operating uLTE, short for LAA and MulteFire in this article, together with WiFi on the same band, both technologies should smoothly coexist, and the deployment of a new uLTE node should not affect the performance of existing WiFi nodes more than the deployment of a new WiFi node. However, this fair coexistence between wireless technologies for most locations and times is challenging, as different technologies have different characteristics and implement different coexistence features [1] [2] [3] [4] [5] .
To coordinate inter-radio access technology (RAT) spectrum access in a distributed and effective manner, intelligent channel selection is necessary, such that neighboring nodes, regardless of their technology, do not reuse the same channel. WiFi channel selection schemes typically select the channel that has the least load or suffers from the least interference, relying on mining neighboring WiFi node packet headers and beacons to derive such conditions. However, WiFi nodes cannot decode uLTE messages and vice versa, as they are based on a different physical layer. This disability results in a lack of presence awareness. Each technology is not aware of the presence of the other, which hampers efficient channel assignment.
In the case where uLTE and WiFi nodes reuse the same channel, as a choice or unintentionally, their nodes can still rely on listen-before-talk (LBT) to ensure that the selected channel is shared in the time domain, as LBT is mandatory in many countries' unlicensed band regulations. When using LBT, a transmitter with data to transmit must first detect the energy across the intended transmission band. This energy detection (ED) mechanism allows the transmitter to become aware of ongoing transmissions by other nodes, and dictates whether it can access the channel or not, as a function of the detected energy with respect to a given ED threshold. However, although of low complexity, LBT does not work well in all circumstances, for example, when the information is meant to be received at background noise level, or when the nodes are distant and the received signals are below the ED threshold, which can be different for different technologies. In all these circumstances, a node wishing to transmit may sense the channel as unoccupied and interfere with another node, suddenly decreasing its signal quality and affecting its transmission. threshold could be lowered to mitigate this issue, but arbitrarily lowering the ED threshold may significantly degrade the overall network performance by preventing simultaneous transmissions that would otherwise be successful. Moreover, a very low ED threshold may result in many false detections due to noise.
As can be derived from the above discussion, there is a need for additional mechanisms for effective inter-RAT media access control (MAC), in both the frequency and time domains. In the dynamic spectrum sensing community, explicit inter-RAT signaling is used to coordinate channel access. In some solutions, secondary clients of the band can use a channel after a database registration and lookup. However, such an approach is difficult indoors due to the limited availability of accurate position. Another approach is to design from the scratch a new common MAC protocol for both uLTE and WiFi, but that would ignore the huge installed base of 802.11 stations. Other solutions have been proposed around LTE-Unlicensed (LTE-U), the predecessor of LAA, which have the uLTE radio working in conjunction with a WiFi radio, for example, to adapt the uLTE transmission period based on WiFi traffic sensing [6] and WiFi header decoding [7] . Both schemes have demonstrated benefits, but in both cases the neighboring WiFi nodes are not explicitly aware of uLTE. As a result, the coordination is unilateral. uLTE can adapt to WiFi, but the opposite is not true, which makes coexistence suboptimal.
In this article, we propose to enhance uLTE and WiFi coexistence through a new framework that encompasses three novel mechanisms. First, we propose a new signaling framework that allows each technology to be aware of the presence of the other. Second, we propose to use such information to allow enhanced channel selection, where WiFi nodes can account for uLTE nodes. Third, when uLTE and WiFi nodes use the same channel, we propose adaptive ED threshold tuning to address the below ED threshold coordination issue.
The remainder of this article is organized as follows. The following section discusses the limitations of current signaling mechanisms and proposes two relaying techniques. Then we describe how channel selection is improved using this relaying channel, and depict a new channel selection mechanism. Following that, we discuss some limitations of LBT, and describe the problem of coexistence below ED threshold in detail. Moreover, motivated by this discussion, we then show how the LBT can be enhanced and the ED thresholds tuned to improve fairness. Finally, the "Lessons Learned" section summarizes the work, and provides thoughts on future directions. then adjust the politeness of its MAC protocols. Self-identification is also necessary to further improve the self-organizing-network (SON) capabilities. Cell discovery mechanisms in LTE and WiFi and their issues are discussed next, followed by a discussion on how to improve inter-RAT awareness via a new signaling framework exIstIng IntrA-technology cell IdentIFIcAtIon
Cell discovery in LTE is based on the physical broadcast channel (PBCH). Since user equipment (UE) attachment is network directed, the PBCH contains only the necessary information to build a connection. The master information block (MIB) contains the system bandwidth and the system frame number, and is repeated every 40 ms. The MIB is detected via autocorrelation with the primary synchronization sequence (PSS). The system information blocks (SIBs) contain additional information, which is carried on the physical downlink shared channel (PDSCH) and time multiplexed over the 40 ms slots. SIB1 contains the operator identifier (public land mobile network, PLMN) and the cell identifier, among others.
There are two types of LTE access on unlicensed frequencies: LAA, which acts as a supplemental downlink (LAA Release 13) and/or a supplemental uplink (eLAA in Release 14) to a licensed LTE carrier, and MulteFire, which is characterized by fully standalone operation in the unlicensed band. In LAA, both the licensed and unlicensed bands are operational at the same time, that is, data may be received over both bands simultaneously, but the PBCH is carried only on the licensed carrier. LTE Release 12 discovery reference signals (DRSs), which include the PSS, are transmitted at 40 ms intervals on the unlicensed carrier for time and frequency synchronization purposes. However, detection of DRS alone does not provide any information (i.e., cell ID), and one cannot even determine the operator. The licensed carrier is needed. MulteFire transmissions instead include the PBCH/PDSCH in their downlink unlicensed transmissions, now called ePBCH, which doubles the energy in the PSS and secondary synchronization signal (SSS) sequences, improving detectability.
Cell discovery in WiFi is based on the WiFi beacon, which is a message broadcast to all WiFi stations (STAs), describing various characteristics of the WiFi AP, such as its service set identifier (SSID), frequency channel, and timestamp, as well as the features it supports. WiFi beacons are repeated regularly and encoded at the lowest modulation and coding scheme (MCS). They access the channel as a priority frame, per the regular distributed coordination function (DCF) procedure.
In terms of inter-cell coordination, it is important to note that WiFi, through the 802.11aa specification, shares additional information, such as cell loading per traffic characteristic, to support improved coexistence in the so-called overlapped base station system (BSS) scenarios. However, uLTE does not have such ability yet, although an LTE beacon that provides cell loading has been proposed [8] . proposed Inter-technology cell IdentIFIcAtIon
For inter-RAT cell identification, every uLTE eNB could include a WiFi receiver to decode WiFi beacons. Likewise, every WiFi AP could include a uLTE receiver to decode PBCH and PDSCH. Clearly this imposes additional costs and requirements. A better solution would be an approach that utilizes those uLTE and WiFi receivers that are naturally co-located (e.g., at UEs). Moreover, such a distributed solution should be compatible with legacy WiFi APs, in the sense of requiring at the most a software upgrade.
This distributed UE-based cell discovery approach may be taken when the eNB or AP has a smartphone with both WiFi and uLTE connected to it, as shown in Fig. 1a . This permits an apparently straightforward solution, whereby the LTE modem asks for a channel scan from the WiFi modem, and vice versa. This UE assisted scheme works best with enterprise networks that utilize such measurements in their SON algorithms. One disadvantage of the UE-based approach is that a multi-RAT UE must be available, and for optimal performance, regular scans must be taken, reducing its battery life. Moreover, multiple UEs may be necessary to detect all the neighboring cells.
To solve the mentioned UE-based approach issues, we further propose a network-based approach, in which a uLTE eNB directly communicates to a "friendly" WiFi AP. This friendly WiFi AP may be utilized, for example, to relay LTE system information and loading to surrounding WiFi networks via the WiFi beacon mechanism. We refer to this WiFi beacon carrying uLTE information as a pseudo beacon for uLTE small cells, as shown in Fig. 1b . Note that the uLTE eNB and the "friendly" WiFi AP should be at a reasonable distance, such that the pseudo beacons mostly reach the nodes that are within the uLTE eNB coverage area. Similarly, the concept of a "friendly" uLTE eNB can be used.
enhAnced chAnnel selectIon
Channel selection algorithms, whether centralized or distributed, should provide the highest performance to end users in the long term. Alternatively, this goal may be expressed as choosing the unlicensed channel with the least activity and the least interference. Channel selection is performed infrequently, as scanning prevents traffic from being served. Some nodes may also incur service interruption if they are unable to interpret channel switch announcements.
According to the proposed network-based signaling framework, WiFi can consider uLTE while performing channel selection. As indicated earlier, the helper WiFi AP would transmit a WiFi beacon with the ID of the uLTE cell and other critical information for current channel selection algorithms such as cell loading and other information shown in Table 1 . This pseudo beacon makes the uLTE cell appear as another WiFi AP to unmodified WiFi APs and STAs, providing partial backward compatibility. Note that the full interpretation of the pseudo beacon requires a firmware upgrade at the WiFi AP.
The information of Table 1 can be provided to channel selection and adaptive ED thresholding algorithms to improve the overall network coexistence and performance. Algorithm 1 further illustrates this, where U is a list of utilizations of S f and N Attached is the number of attached clients of S f .
In step 1, WiFi APs running the proposed algorithm do a channel scan, and acquire their neighboring cell list S.
Step 2 filters weak nodes from S to create the filtered S f , since the links of filtered nodes will tend to overlap and reuse the channel, despite the virtual carrier sense.
Step 3 calculates the channel selection metric M, which balances current and future channel usage and dictates how the channel is time shared based on the It is important to note that the proposed channel selection algorithm is not a traditional WiFi one. Since uLTE and WiFi nodes may transmit at different powers, the estimated received signal strength indicator (RSSI) by a neighboring WiFi node when receiving the pseudo beacon transmitted by the helper WiFi AP may not necessarily be the same as it would have been if transmitted by the uLTE base station. A correction factor should be applied to such estimated RSSI according to the "TX power offset" field of Table 1 . Moreover, when running on an eNB, the proposed channel selection algorithm would adjust upward the metric in step 3, causing the eNB to preferentially contend with other eNBs.
Based on the above proposed channel selection algorithm, we observe how the usage of a "friendly" WiFi AP enables the channel selection algorithm to correctly detect the base stations on each channel, whether uLTE or WiFi; and devise a metric and thereafter a channel assignment based on their reported and predicted utilization.
lImItAtIon oF exIstIng coordInAtIon technIques
The performance of wireless networks in general is determined by the radio propagation channel, which in turn is characterized by both small-and large-scale fading. Small-scale fading on the order of wavelengths exists due to multipath, whereas large-scale fading, on the order of tens of wavelengths and greater, describes spherical spreading, scattering, and absorption.
In this section, the MAC coordination mechanisms of uLTE and WiFi are compared, and their inter-RAT limitations are discussed. We then discuss how small-scale fading and large-scale fading diminish the effectiveness of LBT.
unFAIrness due to dIFFerent mAc mechAnIsms
Both uLTE and WiFi MAC protocols follow regulations and implement LBT. Indeed, uLTE has adopted a CAT4 LBT with an exponential backoff mechanism, like that in WiFi, which further facilitates coexistence [9] . However, although WiFi and uLTE LBTs are very similar, some differences still remain:
• WiFi uses an ED threshold of -62 dBm, while uLTE uses an ED threshold of -72 dBm.
• WiFi augments LBT with a virtual carrier sense (VCS) mechanism, operating down to a minimum of -82 dBm (-87 dBm typical), while uLTE does not. When using VCS, WiFi packet headers indicate for how long a transmitting node will be using the channel. These packet headers, which are encoded using the most robust MCS [6] , are decoded and used by the neighboring nodes to update their network allocation vector (NAV), that is, a timeline indicating at each node when the channel is free for transmission or occupied. For example, the request-to-send/clear-to-send (RTS/CTS) mechanism reserves the channel by causing the NAV to be updated by all nodes that receive the RTS around the transmitter and the CTS around the receiver.
Due to the differences in ED threshold and VCS, WiFi will not back off to uLTE below -62 dBm, but it will back off to other WiFi transmissions up to -82 dBm or lower through the VCS mechanism. In contrast, uLTE will not back off to any technology below -72 dBm, as it only relies on ED and does not implement VCS.
Moreover, effective LBT operation requires that all transmissions be above the ED threshold, but the 802.11 DATA and ACK frames are usually transmitted at different power levels, WiFi APs at 24 dBm and WiFi STA at 14 dBm, and received at different RSSI by a uLTE eNB due to different positions. Assume the eNB follows the Cat 4 specification in 3GPP TS 36.213 and easily detects a DATA frame and refrains from transmitting, as shown in Fig. 2a . After the end of the DATA frame, the energy drops, the channel is clear, and the eNB starts a timer for 1 SIFS + 1 slot. If the ACK is detected, that is, if it is received above -72 dBm, the eNB will refrain from transmitting. If the ACK is received below -72 dB, the eNB can transmit, as shown in Fig.  2b . Therefore, collisions are possible whereby an ACK is in the process of being received, while the eNB does not detect it and goes on to transmit, as shown in Fig. 2c .
The ED threshold of -72 dB effectively limits the collision-free downlink range of the neighboring AP, that is, the WiFi STA must be close enough to both the WiFi AP and uLTE eNB such that the ACK is received at -72 dBm or greater. Indeed, this mid-range interference zone at 1. Let S be result from a scan of AP/eNBs 2. Let S f be the filtered S to remove weak base stations according to their RSSI being less than threshold.
• For uLTE eNBs, adjust RSSI according to the "TX power offset" field of Table 1 . 3. Compute the channel usage based on the combined metric of actual and predicted airtime usage:
M c = w 1 *average(U) + w 2 *sum(N Attached )
• For uLTE eNBs, according to the "MAC Spec" field of Table 1 , adjust upward the partial metric.
Select the channel with the minimum metric:
C* = argmin(M).
below ED threshold, from -72 dBm to -87 dBm, represents a grey area for coexistence.
eFFect oF smAll-scAle rAdIo propAgAtIon on lbt
Coordination through ED requires all nodes to receive all transmitted signals above the ED threshold all the time, that is,
where P t is the transmit power, and G(n, m) is the path gain from node n to node m, considering both small-and large-scale fading. This is a difficult requirement to satisfy. Let us assume there are 5 nodes wanting to access the channel, that is, there are 10 links, counting reciprocal links as a single link, and that the small-scale fading power is Chi-square distributed. Notably 10 percent of the time there is a 10 dB or greater fade. Given the above fading channel model, and assuming an ED threshold of -62 dBm, and that all nodes receive each other at -52 dB on average, P{ED success} = (.90) 10 = 34 percent. This shows that sensing errors are prevalent due to small-scale fading even for a small number of nodes and when the average signal strength is much higher than the ED threshold.
eFFect oF lArge-scAle rAdIo propAgAtIon on lbt
For the default ED thresholds, sensing failure of the other technology's transmission may be expressed as P{ED failure at uLTE} = P{RSSI < -72 dBm at eNB | STA transmits} and P{ED failure at WiFi} = P{RSSI < -62 dBm at AP | UE transmits}.
To quantify these probabilities let us assume a single eNB and AP, closely located to each other, each with a single client. Let clients be uniformly located in a simulated building of 50  120 m. The bases are located off center at (25,30) m. Large-scale propagation for an "open" building is modeled by the InH propagation model in 3GPP TR 36.814, while large-scale propagation for a "light partitioned" building is modeled by a diffusion model with its parameters in [10] . Figure 3 provides the cumulative density function of the RSSI for both propagation models, assuming 14 dBm transmit power and 6 dB total antenna gain. Vertical lines show the minimum WiFi signal strength of -87 dBm [3] and the minimum LTE signal strength of -100 dBm [11] . ED thresholds are also highlighted at -62 dBm and -72 dBm for WiFi and uLTE, respectively. Applying the minimum signal strength threshold, WiFi cell coverage is 87 percent by InH and 62 percent by diffusion. Likewise, uLTE coverage is 100 percent by InH and 75 percent by diffusion, which reveals the impact of large-scale fading.
The sensing failure probability can be obtained from the CDF in Fig. 3 by renormalizing it to the coverage area, so P{ED failure at WiFi} = P{RS-SI <= -62 | UE RSSI>-100} = 1 -P{ RSSI > -62}/P{RSSI > -100} = 56 percent for InH, and 73 percent for the diffusion model. P{ED failure at uLTE}= P{RSSI <= -72 | RSSI > -87} = 42 percent for InH and 33 percent for the diffusion model. This shows that there is a large area where signals are received below ED threshold, and inter-RAT coordination is not possible relying on ED alone.
AddressIng the below ed chAllenge
Following the channel selection process, we propose that the ED thresholds are adapted to improve efficiency and fairness when both uLTE and WiFi share the same channel.
On the uLTE side, Algorithm 2 works in a periodical manner (note that a similar algorithm can be applied on the WiFi side with the appropriate thresholds):
Note that the values of RSSI w WiFi and RSSI j uLTE are averaged using a filter to mitigate fast-fading effects and smooth the measurements. We simulated the network performance of an LAA cell coexisting with a WiFi cell in the same unlicensed channel of 20 MHZ in the 5 GHz band using the proposed adaptive ED thresholding algorithm. The performance evaluation is conducted over an enterprise scenario of 120 m  50 m, where there is a uLTE eNB located at position (30,25) m and a WiFi AP located at position (90,25) m, 60 m apart from each other. It is important to note that the InH channel model is used in this case, but that the link between the LAA eNB and the WiFi AP is always set to be nonline of sight and below the default ED detection threshold. One LTE UE and one WiFi STA located at the cell edge of their respective servers are considered. The UE and STA use a downlink FTP service, following the 3GPP FTP traffic model 3, where the FTP file size is 2 MB and the packet arrival rate is Poison distributed with an average of 0.625. 2 × 2 multiple-input multiple-output (MIMO) is considered, and 64 quadrature amplitude modulation (QAM) is the maximum modulation scheme supported. The transmission opportunity is set to 3 ms for both technologies. Note that LAA can only start transmission at the subframe boundary, and a reservation signal is used from the moment LAA acquires the channel to such subframe boundary to guarantee that there are no collisions with WiFi. It is important to note that due to the nature of FTP traffic and because it has been shown to improve LAA and WiFi coexistence, the RTS/CTS mechanism is enabled in our simulations. 100 simulation drops are performed, and in each drop 10 s are simulated. Please refer to [12] for a more complete description of the simulator. Figure 4 shows the results in terms of UE/STA downlink file throughput. Without the adaptive ED scheme, the uLTE eNB and the WiFi AP do not detect each other, and thus their downlink transmissions are not coordinated. This results in a high number of collisions and re-transmissions, which mostly affect WiFi performance. This is because WiFi quickly detects the collision through the RTS/CTS mechanism and continuously backs off, while uLTE, which does not have RTS/CTS, continues to transmit, temporarily forcing WiFi off of the band. Eventually, the WiFi AP transmits to its STA, when the uLTE eNB does not have any data to transmit to its UE. In contrast, with the adaptive ED scheme, the WiFi AP and the uLTE eNB sense each other's transmissions, and are thus able to coordinate. This results in fairer time sharing, as well as much fewer collisions and retransmissions. Such coordination benefits WiFi as it does not back off as much to uLTE, but necessarily impacts uLTE as it decreases its air time to share with WiFi.
In terms of median throughput, WiFi performance increases 3.5 (from 15 Mb/s to 54 Mb/s), while uLTE decreases 36 percent (from 49 Mb/s to 31 Mb/s). It is important to note that the overall system performance increases with the proposed adaptive ED threshold scheme by 32 percent (from 64 Mb/s to 85 Mb/s). In short, with adaptive thresholding, the channel is shared more fairly, and the overall efficiency has improved.
lessons leArned
Simple LBT provides limited inter-RAT coordination, as below ED threshold signals occur in a large fraction of the cell area. A relaying channel based on co-located modems is proposed. With network-based relaying, WiFi pseudo beacons make uLTE cells appear as another WiFi AP to unmodified APs. This provides partial backward compatibility, and the full interpretation of beacon information only requires a firmware upgrade at the AP. This facilitates channel selection and adapting MAC parameters as both technologies may now positively identify each other's presence. Simulations show improvement in throughput when uLTE and WiFi adapt their ED thresholds and coordinate with each other. Algorithm 2. Adaptive ED Thresholding Algorithm.
1) The ED threshold G of the eNB of interest is initially set to -72 dBm, as per today's operation where i denotes the eNB of interest. A minimum ED threshold G min is also set, for example, -82 dBm.
2) The eNB periodically determines the RSSI, RSSI w WiFi , of the received beacon signal from each of the co-existing WiFi nodes w. Then, the eNB finds the minimum one, RSS min WiFi .
3) During idle periods, the eNB also looks for other eNBs using MIB/SIB/CRS decoding. If this capability is present, the eNB periodically determines the RSSI, RSSI j uLTE , of the received MIB/SIB/CRS from each of the co-existing uLTE j. Then, the eNB finds the minimum one, RSS min uLTE . 4) Thereafter, the eNB determines the minimum received RSSI, that is, RSSI min = min {RSS min WiFi , RSS min uLTE }. 5) Then, the ED threshold of eNB is set as follows: As usage of both LTE and WiFi technologies continues to grow, coordination beyond LBT will become necessary to maintain fairness and provide high quality of experience. A local inter-RAT channel will play a strong role in the effectiveness of MAC protocols and coordination. 
